A single-structured torque sensor using a magnetostrictive ring attached to the steering shaft of the steering-by-wire system of an automobile was developed. An (Fe 0.80 Ga 0.15 Al 0.05 ) 99 Zr 0.5 C 0.5 alloy, which exhibited the large magnetostriction of 134 ppm and the strong tensile stress of over 800 MPa, was used for the magnetostrictive torque ring. However, the sensitivity of the torque ring sensor was 0.12 © 10
Introduction
Ferromagnetic materials that can exhibit large magnetostriction in low magnetic fields are of particular interest for use as sensors and actuators. 1, 2) Terfenol-D (Dy 0.7 Tb 0.3 )Fe 2 alloy 3) exhibits the large magnetostriction of over 1000 ppm but is expensive and very brittle, and requires large magnetic fields to reach magnetic saturation. Galfenol (FeGa) alloy, which consists of bcc phase, 4, 5) exhibits the large magnetostriction of over 200 ppm, is a soft magnetic material and low cost. However, Galfenol alloy is not robust enough for use as an actuator/sensor material in the severe environments that engineering machinery has to cope with.
Previously, we have been investigated a material design to enhance the strength of Galfenol through the addition of carbon and boron using novel material processing techniques of rapid solidification or spark plasma sintering.
6) The (Fe 0.80 Ga 0.15 Al 0.05 ) 98.5 C 1.5 alloy developed exhibited a strength of over 600 MPa, but its magnetostriction decreased to 4050 ppm due to the LI 2 (Fe 3 GaC 0.5 ) phase resulting from the addition of carbon.
Recently, we developed a (Fe 0.80 Ga 0.15 Al 0.05 ) 99 Zr 0.5 C 0.5 alloy, which exhibited a maximum magnetostriction of 134 ppm and a tensile stress of over 800 MPa, by adding small amounts (<1.0 at%) of CZr to a ternary Fe 80 Ga 15 A l5 alloy. 7) Furthermore, an (Fe 0.80 Ga 0.15 Al 0.05 ) 99 Zr 0.5 C 0.5 alloy was used in a smart torque sensor by utilizing a magnetostorictive ring around the steering shaft of a steering-by-wire system of an automobile, and which is shown in Fig. 1 . 8) Torque · being applied to the shaft resulted in the residual magnetization Mr inclining axially. Equation (1) in Fig. 1 is used to calculate the inclined angle ªt. The uniaxial anisotropy constant Ku caused by the hoop-stress in the circumferential direction is very large, and hence the axial component of Mr is Mr sin ªt ' Mrªt (2) in Fig. 1 , where ªt depends on a torque · because saturation magnetostriction of an alloy is constant. Consequently, eq. (3) in Fig. 1 can be used to calculate the output magnetic field H T leaking from the ring and the sensitivity S = H T /· increases with Mr because Nd, which is determined by dimensions of ring, is a constant. In the single-structured torque sensing system using the magnetostrictive ring the value of H T was measured using a Hall probe sensor. 9) As a result, the (Fe 0.80 Ga 0.15 -Al 0.05 ) 99 Zr 0.5 C 0.5 ring sensor exhibited torque sensitivity S of 0.12 © 10 ¹4 T N ¹1 m ¹1 . However, this was not sufficiently sensitive to use as a torque sensor for the steering-by-wire system of an automobile, which requires a sensitivity of 0.8 © 10 ¹4 T N ¹1 m ¹1 . This study involved an investigation of the effect of the residual magnetization Mr of the (Fe 0.80 Ga 0.15 Al 0.05 ) 99 Zr 0.5 -C 0.5 ring on the torque sensitivity. To enhance their Mr values, the rings were heat-treated at 743 K under a compressed stress of 100 MPa via the spark plasma sintering method.
10) The S value of the ring increased to 0.72 © 10 ¹4 T N ¹1 m ¹1 although depending on the Br (4³Mr).
Experimental Procedure
A polycrystalline (Fe 0.80 Ga 0.15 Al 0.05 ) 99 Zr 0.5 C 0.5 alloy was made by arc melting the elements Fe, Ga, Al, Zr, and C (purity >99.9%).
8) The melted alloy was casted into rods using the rapidly solidified process. Torque-rings (external diameter of 14.2 mm, internal diameter of 12.6 mm, and a width of 13 mm) were then cut from these rods. The rings were annealed for 3 h at 1373 K and for 2.5 h at 823 K to equilibrate them into the bcc phase and remove the stress. Moreover, the rings were again annealed at 723, 743, or 773 K for 300 s under a compression stress of 100 MPa via the spark plasma sintering (SPS) method, as shown in Fig. 2 . Bulk samples for use in X-ray diffraction (XRD) were
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The melted (Fe 0.80 Ga 0.15 Al 0.05 ) 99 Zr 0.5 C 0.5 alloy was powdered via the gas atomization method in investigating the effect of the SPS method. The powders, which were smaller than 63 µm, were then sintered at 923 K for 1,800 s under compressions of 250300 MPa. The sintered rods (density >98.9%) were cut into bulk samples (2 © 3 © 5 mm 3 ). Their longitudinal directions were parallel or perpendicular to the pressed direction in investigating the longitudinal magnetostriction. The magnetostriction of both bulks and rings was measured using a strain-gauge.
Residual magnetic flux density Br (4³Mr) in the circumferential direction of the ring was measured using a B-H loop tracer. After the ring and shaft were connected with the most suitable hoop-stress, 11) the ring was magnetized in the circumferential direction. The processes of magnetizing the ring and fitting between the ring and shaft were carried out at the Technical Research Institute, Nissan Motor Co., Ltd. and Namiki Precision Jewel Co., Ltd. Figure 3 shows a torque sensing system using a magnetostrictive ring. When torque · was applied to the end of a shaft via a motor, where the other end was fixed in place using a brake, the output magnetic field H T leaking from the magnetostrictive ring attached to the shaft was measured using a Hall probe sensor. Torque sensitivity S of the ring was determined by measuring the H T at · = 0 and 5 N m. To measure the H T around a ring the shaft was rotated using a motor and then fixed in place at the angle of ª = 0, 60, 120, 180, 240, 300, and 360°. Figure 4 shows the longitudinal magnetostriction of sintered bulk samples A(a) and B(b). Sample A was heated to 923 K and then cooled to room temperature with a press at 250 MPa, while sample B was heated to 923 K with a press at 300 MPa and then cooled to room temperature without a press. The maximum magnetostriction //P (parallel to the pressed direction) and ¦P (perpendicular to the pressed direction) of the sample B were 41 and 38 ppm, respectively, or basically equal. However, the maximum magnetostriction //P and ¦P of the sample A were 50 and 29 ppm, respectively, or the //P value 1.7 times larger than that of ¦P . The results revealed that FeGa alloy, which elongates parallel to the magnetic field-direction, arranges a lot of Fig. 1 Principle used to measure the torque utilizing the leaked flux from a magnetostrictive ring attached to the shaft. The formula in the lower part shows the correlation between all the magnetic parameters and output magnetic flux.
Results and Discussions

Magnetostriction of sintered bulk samples
8)
ring (P) (P) Fig. 2 Schematic diagram of the spark plasma sintering method. Fig. 3 A simple torque sensing system using a magnetostrictive ring. When torque · was applied to the end of the shaft via a motor the output magnetic field H T leaking from the magnetostrictive ring attached to the shaft was measured using a Hall probe sensor.
magnetic spin perpendicular to the compressed direction when a suitable heat-treatment is used. Removing the compressed stress from the alloy thus resulted in a large number of random magnetic spin arrangements. However, with the sample A, the residual stress also resulted in magnetic spin arrangement perpendicular to the compressed direction. A magnetic field being applied in the compressed direction of the sample causes a large magnetostriction ( //P ) from the magnetic spin-rotation of 90 degree.
Magnetostriction and magnetization of rings
The effect of heat treatment under stress on the magnetostriction of the ring was next investigated. The magnetostrictions of c (¦P) and w (//P) in the circumferential and width directions of the ring were measured using an XY strain-gauge. Figure 5 shows w (//H, P) and c (¦H, P) versus magnetic field H loops of the annealed and SPS·743 K rings. An SPS·743 K ring is that an annealed ring has been heated to 743 K and then cooled to room temperature at a compressed stress of 100 MPa parallel to the width direction via the SPS method. A magnetic field being applied in width direction of the annealed ring results in a w and c of 53 and ¹23 ppm, respectively, at H = 800 kA m ¹1 . The value of w (//H) of two rings was nearly equal while the c (¦H) value of the SPS·743 K ring increased to twice that of the annealed ring. The w (//H) and c (¦H) values for the SPS·723 K and SPS·773 K rings are shown in Table 1 .
The magnetic flux density B versus magnetic field H loops in the circumferential direction of the SPS·723 K, SPS·743 K, SPS·773 K, and annealed rings are shown in Fig. 6 . The B value of the SPS rings rapidly increased in the low magnetic field of below 1.0 kA m ¹1 . Furthermore, as shown in Fig. 6(b) , the residual magnetic flux density Br (4³Mr) of the annealed ring and SPS·723 K, SPS·743 K, SPS·773 K rings was 0.30, 0.53, 0.62, and 0.48 T, respectively. The coercive forces of the annealed ring and SPS·723 K, SPS·743 K, SPS·773 K rings were 318, 183, 207, and 175 A m ¹1 , respectively, depending on the Br except the annealed ring. Table 1 shows the values of w , c , Br, and the coercive forces for these rings. From these results, it is found that the residual magnetic flux density Br is dependent on the circumferential magnetostriction c of the ring, in which the c is due to magnetic spin parallel to the circumferential direction of the ring. However, the c and Br values of the SPS·773 K were smaller than that of the SPS·723 K and the SPS·743 K. Figure 7 shows the XRD patterns of the Cu-K ¡1 for (a) the annealed, (b) SPS·723 K, (c) SPS·743 K, and (d) SPS·773 K bulks. The XRD peaks in Fig. 7(a) , 7(b) and 7(c) show that these bulks consist of a bcc phase (lattice constant a = 0.290 nm). While, XRD pattern in Fig. 7(d) shows that the SPS·773 K bulk consists of a bct (a = b = 0.289 nm and c = 0.287 nm) phases. It is thought that the bct phase decreases the c and Br values of the SPS·773 K ring. From these results, it is found that the torque sensitivity of the SPS·743 K ring can be enhanced to 0.72 © 10
Torque sensitivity
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T N ¹1 m ¹1 with a Br value of 0.62 T.
Conclusion
A single-structured torque sensor using a magnetostrictive ring attached to a shaft was developed. An (Fe 0.80 Ga 0.15 -Al 0.05 ) 99 Zr 0.5 C 0.5 alloy with a large magnetostriction and strong tensile stress was used as a magnetostrictive ring. The 
bcc (110) bcc (200) bcc (110) bcc ( torque sensitivity of the output magnetic field leaking from the ring depends on the residual magnetization Mr, and hence, to enhance the residual magnetization Mr of the ring, heat-treatments at 743 K under a compressed stress of 100 MPa were carried out via the spark plasma sintering method. As a result, the torque sensitivity increased to 0.72 © 10 ¹4 T N ¹1 m ¹1 with a Br (4³Mr) value of 0.62 © 10 ¹4 T. Effect of Heat Treatment under Stress on Torque Sensing Using Magnetostrictive (FeGaAl)ZrC Alloy Ring
